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ABSTRACT
Molybdenum based transition metal dichalcogenides have drawn widespread
attention from the scientific community as they hold high promise in the field of
semiconductors and valleytronics. Weak van der Waals (vdW) forces between
layers eliminate substrate lattice constraints and allow epitaxial growth on dif-
ferent materials. Alloying the metallic or chalcogen species will potentially
allow us access to intermediate structural, optical and electronic parameter
space. In this work, we report the molecular beam epitaxial growth of alloyed
MoSe2-xTex thin films on 3D substrates: CaF2 and GaAs substrates. Growth at
400◦C by co-injection of the chalcogen species results in preferential Se incorpo-
ration. By pulsing the chalcogen injection at 340◦C, up to 44% Te incorporation
is achieved in MoSe2-xTex. Detailed structural, chemical and optical investiga-
tion is used to identify the phase, polytype, chemistry and electronic states of
the alloy. Also, the 2D-2D interface between graphene and chalcogenide films
is studied to map rotational alignment, strain and mosaicity.
An experiment is a question which science poses to Nature,




Working in the group of Prof. Huili (Grace) Xing and Prof. Debdeep Jena has
been a tremendous stepping stone in my young research career. The opportu-
nity to perform my Master’s thesis research under their guidance has been the
most fruitful experience of my life thus far. Prof. Xing’s tireless motivation and
scientific inquiry and Prof. Jena’s motivational teaching are the pillars upon
which this research is built.
I specially thank our senior group member Suresh Vishwanath, for growing
all samples that were studied in this research, and for the countless discussions
we had to resolve difficulties. Experiments at the Cornell High Energy Syn-
chrotron Source would not have seen the light of the day were it not for Dr.
Arthur Woll’s commitment. His help with experimentation and data process-
ing has been crucial to my progress. I also thank Dr. Vladimir Protasenko for
training and constantly guidigng me with the lab infrastructure.
A special round of thanks to Long Yuan at Purdue University (and advisor
Prof. Libai Huang) for showing the strengths of collaboration. I also acknowl-
edge Dr. Sergei Rouvimov and the team at the University of Notre Dame for
technical insights and knowledge; particularly with transmission electron mi-
croscopy. The collaboation with Yu-Chuan Lin at PennState has been crucial in
the completion of this project. Low energy electron diffraction results were ob-
tained at Cornell and thanks are due to Edward Lochocki and Prof. Kyle Shen.
Discussions and critiques from other group members Rusen Yan, Mingda Li
and Brian Schutter have been very important to this research. Contribution and
encouragement from my labmates Huai Hsun Lien, Kevin Lee, Liheng Zhang,
Nick Tanen, Sam Bader, Shyam Bharadwaj, Wenshen Li, Reet Chaudhuri and
Hyunjea Lee has been crucial in keeping me focussed.
5
TABLE OF CONTENTS
Dedication . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
Acknowledgements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
Table of Contents . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
List of Tables . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
List of Figures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
1 Introduction 1
2 MoSe2-xTex alloys by molecular beam epitaxy 3
2.1 Literature . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
2.2 MoSe2-xTex on CaF2 . . . . . . . . . . . . . . . . . . . . . . . . . . 4
2.2.1 Growth conditions . . . . . . . . . . . . . . . . . . . . . . . 4
2.2.2 X-ray diffraction and reflectivity . . . . . . . . . . . . . . . 6
2.2.3 Raman Spectroscopy . . . . . . . . . . . . . . . . . . . . . . 7
2.2.4 X-ray Photoelectron Spectroscopy . . . . . . . . . . . . . . 9
2.2.5 Transient Absorption . . . . . . . . . . . . . . . . . . . . . . 11
2.3 MoSe2-xTex on GaAs . . . . . . . . . . . . . . . . . . . . . . . . . . 16
2.3.1 TEM, LEED and XPS . . . . . . . . . . . . . . . . . . . . . . 17
2.3.2 X-ray Absorption Spectroscopy . . . . . . . . . . . . . . . . 18
2.4 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22
3 Grazing incidence X-ray diffraction to study epitaxy of 2D materials 23
3.1 Literature . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23
3.2 Setup . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25
3.3 Chalcogenide films on epitaxial graphene on 6H-SiC(0001) . . . . 25
3.3.1 Registry of the films to the substrate . . . . . . . . . . . . . 26
3.3.2 Lattice constants of the chalcogenide films . . . . . . . . . 29
3.3.3 Effect of growth conditions on bilayer graphene . . . . . . 31
3.3.4 Twinning and mosaicity of the chalcogenide grains . . . . 33
3.3.5 Bragg rod profile . . . . . . . . . . . . . . . . . . . . . . . . 34
3.3.6 Microscopy images . . . . . . . . . . . . . . . . . . . . . . . 35
3.4 Air sensitivity of GaSe on GaAs . . . . . . . . . . . . . . . . . . . . 36
3.5 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37
A MoSe2-xTex alloys 40
A.1 Flux calculations . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40
A.2 Absorption spectrum and transitions . . . . . . . . . . . . . . . . . 41
A.3 XPS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42
A.4 EXAFS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43
A.4.1 Data acquisition . . . . . . . . . . . . . . . . . . . . . . . . . 44
A.4.2 Data processing and analysis . . . . . . . . . . . . . . . . . 44
6
B GI-XRD 47




2.1 This table lists the substrate temperature and growth times for the sam-
ples discussed in this section. . . . . . . . . . . . . . . . . . . . . . . 5
2.2 Annealing conditions and calculated fluxes are listed in this table. . . . 6
2.3 Film thicknesses and c-axis lattice constants calculated from XRR and
(002) peak diffraction data. . . . . . . . . . . . . . . . . . . . . . . . 8
2.4 Atomic ratios calculated from the XPS signals. These were calculated
using CasaXPS Version 2.3.17PR1.1 by considering the integrated in-
tensities from only the relevant TMD signal. A1, A2 and A3 stoichio-
metric in nature in contrast to B1, B2 and B3 which are found to be
chalcogen deficient. . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
2.5 Fitting parameters for exciton dynamics probe at B bleach in series A
and B. A1 and A2 can be fit with a bi-exponential function whose decay
time constants are listed as τ1 and τ2. However, A3 is fit using a single
exponential function. . . . . . . . . . . . . . . . . . . . . . . . . . . 16
2.6 Fit parameters for the Mo and Se nearest neighbour shells. . . . 21
3.1 MoS2, MoSe2 and WSe2 are rotationally commensurate with graphene.
SnSe2 is 30◦ misaligned. . . . . . . . . . . . . . . . . . . . . . . . . . 28
3.2 Lattice constants along the basal plane have been calculated by fiting
the peaks in figure 3.4. The error in the calculated lattice constants is
estimated to be 0.004 Å (considering energy resolution of the beam and
fitting errors). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29
3.3 The peak positions and in-plane lattice constants obtained from fitting
the spectra in Figure 3.5 are listed here. The error in the calculated
lattice constants is estimated to be 0.003 Å. . . . . . . . . . . . . . . . 32
A.1 Energy regions and spacings to acquire X-ray absorption data. . . . . . 44
8
LIST OF FIGURES
2.1 (a & b) X-ray reflectivity fringes used to determine the thick-
nesses of the films. (c & d) ω – 2θ scans around (002) peaks. . . . 7
2.2 (a) Samples A1, A2 and A3 are identified to be MoSe2 from. All
the samples are identified to be MoSe2 from their raman spectra.
(b) A red shift in the peak positions (towards the MoTe2peak) is
observed for samples B1, B2 and B3 indicating Te incorporation. 9
2.3 Mo-3d, Se-3d and Te-3d XPS spectra for A1 (top row), A2 (mid-
dle row) and A3 (bottom row) respectively. All samples have
identical Mo and Se spectra. A3 has a weak Te signal, which is
absent in A2. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
2.4 Mo-3d, Se-3d and Te-3d XPS spectra for B1 (top row), B2 (middle
row) and B3 (bottom row) respectively. All elements show signif-
icant oxide peaks indicating enhanced oxidation in the presence
of Te. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
2.5 .(a1) Bleach energies are observed around 800 nm (A, 1.55 eV),
700 nm (B, 1.77 eV), and 515 nm (C, 2.41 eV) for samples A1 and
A2. The energies for A3 are red shifted which might be due to
few% Te. (a2) Transient dynamics for exciton resonance B fit-
ted with exponential function convoluted with experimental re-
sponse function. (b1) Bleach energies are around 700 nm (A′,
1.77 eV), 625 nm (B′, 1.98 eV), and 520 nm (C, 2.38 eV) for B1, B2
and and MoTe2. (b2) Transient dynamics for exciton resonance
B′ fitted with single exponential function convoluted with exper-
imental response function. . . . . . . . . . . . . . . . . . . . . . . 15
2.6 a) HAADF STEM showing epitaxial growth of MoSe2-xTex. (b)
LEED showing hexagonal symmetry of MoSe2-xTex. . . . . . . . 17
2.7 a) Mo-3d peaks from MoSe2-xTex have binding enregy between
the values for 2H-MoSe2 and 2H-Mote2. (b) Te-3d peaks. . . . . 19
2.8 EXAFS data (red line) and fit (empty black circle) for MoSe2-xTex
obtained at the Se K-edge. Plots are generated at different k-
weights of (a) k=3, (b) k=2 and (c) k=1. The phase shifted peaks
correspond to different bond lengths. . . . . . . . . . . . . . . . . 20
3.1 Polynomial curves of degree 2 were used to fit the frequency
against both tensile and compressive strain[1]. . . . . . . . . . . 24
3.2 GI-XRD schematic and inter planar spacing d(hkl) for the hexag-
onal Bravais lattice with in plane lattice constant ’a’ and out of
plane lattice constant ’c’. . . . . . . . . . . . . . . . . . . . . . . . 26
3.3 Images on the left and right side inside each box (I-IV) were ob-
tained after rotating φ by 30◦. . . . . . . . . . . . . . . . . . . . . 27
9
3.4 (a) (101¯0) chalcogenide peaks and (b) calculated in-plane lattice
constants. The solid squares and empty circles represent our cal-
culations and reported lattice constant values respectively[2, 3,
4]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29
3.5 (a) Bilayer graphene peak positions. Doublet peaks observed in
MoSe2, SnSe2 and cap-SnSe2 while a single peak at an interme-
diate value is seen in MoS2 and WSe2. (b) Lattice constants cal-
culated from peak positions are represented using filled squares.
Filled triangles are references from a previous paper[5]. . . . . . 31
3.6 Planar φ scans show the rotational symmetry and relative
mosaicity of all the films. (a) All chalcogenide films. (b)
All graphene films. The diffraction signals from the chalco-
genide/graphene films were isolated by setting the detector at
the corresponding Bragg angle. . . . . . . . . . . . . . . . . . . . . 33
3.7 ∼1ML MoSe2 and WSe2 have a flat bragg rod profile with no
higher peaks. Few layer MoS2 has a peak from the (101¯3) planes.
The SnSe2 peak is from (101¯1). . . . . . . . . . . . . . . . . . . . . 35
3.8 (a) AFM of SnSe2 and SEM of (b) MoSe2 and (c) WSe2. . . . . . . 36
3.9 (a) GaSe(101¯0) peak from GaSe/GaAs. (b) φ scan shows ex-
tremely broad peaks (φ = -60◦, 0◦ and 60◦) as compared to the
films grown on graphene. A weaker set of peaks appear in be-
tween the first set of peaks. The time interval between the two
scans was 8 hrs. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37




1g peaks at the
expected positions. . . . . . . . . . . . . . . . . . . . . . . . . . . 38
3.11 (a)- and (b)- 2D diffraction maps taken 8 hours apart show re-
duced intensity from the GaSe peak. (c) Line intensity profiles
are identical across both the GaAs peaks. . . . . . . . . . . . . . . 39
A.1 Mole fraction of different oligomers in Se vapour as a function of
temperature. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40
A.2 Bulk MoSe2 band diagram to depict the A, B and C excitonic
transitions. Transitions A and B occur at the K point. Transition
C is near the Γ point. . . . . . . . . . . . . . . . . . . . . . . . . . . 41
A.3 TA spectra from bulk MoSe2 and bulk MoTe2. . . . . . . . . . . . 42
A.4 (a) XPS survey scan for sample A1 (MoSe2). (c) XPS survey scan
for sample B2 (MoSe2-xTex 1:1). . . . . . . . . . . . . . . . . . . . . 43
A.5 (a) Mo-3d, (b) Se 3d and (c) Te-3d doublet peaks for the sam-
ples grown on GaAs have no oxide signals as the samples was
decapped and measured in situ. . . . . . . . . . . . . . . . . . . . 43
A.6 EXAFS data (red line) and fit (empty black circle) for MoSe2-xTex
obtained at the Se K-edge. Plots are generated at different k-
weights of (a) k=3, (b) k=2 and (c) k=1. The phase shifted peaks
correspond to different bond lengths. . . . . . . . . . . . . . . . . 45
10
A.7 EXAFS data (red line) and fit (empty black circle) for MoSe2-xTex
obtained at the Se K-edge. Plots are generated at different k-
weights of (a) k=3, (b) k=2 and (c) k=1. The phase shifted peaks
correspond to different bond lengths. . . . . . . . . . . . . . . . . 46
B.1 The (101¯0) from WSe2 is rotationally aligned with (101¯0)




The isolation of a single layer of graphene in 2004 has paved way for the dis-
covery of a plethora of lower dimensional materials. Andre Geim and Kon-
stantin Novoselov’s rediscovery of the two dimensional allotrope of Carbon
thrust 2D materials into the scientific limelight. Graphene in particular came
to be regarded as the wonder materials owing to its tremendous properties:
extreme mechanical robustness, exceptional electrical and thermal conductiv-
ity and easy chemical functionalisation. Consequently, graphene is expected to
improve several technologies ranging from transistors, batteries, catalysts etc.
While graphene and other allotropic members of the 2D family like silecene,
germanene have intrinsically zero bandgaps that are tunable, there exist many
other 2D materials that possess finite bandgaps. This makes them suitable for
applications in transistors and solar cells. One such class of layered materials
is transition metal dichalcogenides (TMDs). Their chemistry is MX2, where M
is the transition metal and X is the chalcogenide. In the monolayer (ML) form,
these materials are known to have a direct bandgap. The versatility of these ma-
terials lies in the tunability of their characteristic properties with layer number,
strain etc.
These materials are foreseen to have several electronic and chemical applica-
tions. They open doors to the field of valleytronics since each of the two energy-
degenerate valleys consists of electronic states with one spin orientation. Novel
electronic states are accessible at low temperatures due to carrier confinement
in two dimensions. Integer Hall effect, spin-valley coupling, Majorana fermions
have been observed in TMD materials. Larger surface areas and vdW gap be-
tween provide increased interfaces for surface functionalisation. This presents
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new opportunities in purification and gas detection. Most of the initial research
was pioneered by mechanical exfoliation of these materials from the bulk. Weak
van der Waals interaction perpendicular to the 2D layer allows easy separa-
tion of the layers by mechanical means. While using a scotch tape or poly-
mer stamps (poly(methly methacrylate), polydimethylsiloxane) has proven to
be very efficient in stacking homo/heterostructural layers, the technique comes
with its drawbacks. Exfoliating from bulk offers very little control over shape
and thickness. Repeatability of measurement is its Achilles heel. This brings
us to epitaxial growth which offers precise control over thickness, doping and
properties. Following initial success in the Chemical vapour depostion (CVD)
of graphene on Cu, Ni, Pd etc, TMD materials were grown on SiO2, α – Al2O3
etc. Key questions to address in epitaxy include the mode of crystal growth,
impact of substrate on properties and detachment of film from the substrate.
2
CHAPTER 2
MoSe2-xTex alloys by molecular beam epitaxy
2.1 Literature
Layered transition metal dichalcogenides (TMDs) are currently widely inves-
tigated for interesting physics and applications[6, 7, 8, 9]. Notably, MoTe2
has a semiconducting phase and metallic phase[10, 11]. The semiconducting
phase is interesting because of its smallest bandgap[12] among all molybde-
num chalcogenides [13] in the monolayer limit[12]. It also has type III (broken)
band alignment with SnSe2[14], ideal for tunneling applications such as Esaki
diodes[15] and Two-dimensional heterostructure interlayer tunnelling field ef-
fect transistor (Thin-TFET)[16]. Molecular beam epitaxy (MBE) grown MoSe2
[17, 18, 8, 19, 20, 21, 22], MoTe2 [20, 23] and their heterostructures [24] have been
studied by several groups recently.
Our group has published one of the earliest reports on the MBE growth of
MoSe2 on CaF2 and graphene[18]. Low temperature electrical transport by vari-
able range hopping has been observed in MBE MoSe2 and MoTe2 on sapphire
substrates[20]. As a natural progression, there have been few efforts to realise
alloyed TMDs. Here is an example of alloyed bulk 2D materials. Mo1-xWxSe2
grown by chemical vapour transport (CVT) were shown to possess composition
dependent Raman shifts and PL emission energies[25]. The in plane (E12g) and
out of plane (A1g) modes both exhibited shifts as x was varied between 0 and
1. Elemental mapping of Mo, W and Se from scanning transmission electron
microscopy (STEM) indeed revealed an alloyed nature with all elements ran-
domly distributed. Similar raman shifts were reported in CVT Mo1-xWxS2 [26].
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For device applications, it is essential to control the optical and electronic prop-
erties of any semiconductor. Modulation of the optical band gap was demon-
strated in MoS2-xSex [27]. Selenization of MoS2 was achieved by introducing
vapourized Se over MoS2 in a CVD chamber. The bandgap of pristine mono-
layer (ML) MoS2 (1.86 eV) was changed up to 1.57 eV by chalcogen substitution.
MoSe2-xTex growth on HOPG and MoS2 was very recently demonstrated by
van der Waals epitaxy[28]. This was achieved by co-deposition of Se and Te at
300◦C, with the chalcogen flux being 10 times higher than the Mo flux. ARPES
measurements on MoSe1.8Te0.2 revealed valence band maxima (VBM) features
at Γ similar to MoSe2. Core level binding energies examined by synchrotron
photoemission showed differences in the Se-3d doublet peaks for MoSe2 and
MoSe1.8Te0.2. In this work, we demonstrate the MBE growth of MoSe2-xTex on
CaF2 and GaAs by MBE.
2.2 MoSe2-xTex on CaF2
In this work, we report the growth of chalcogen alloyed MoSe2-xTex by MBE.
We investigate films grown under chalcogen co-injection and short-period su-
perlattice (SPS) growth (by pulsing the chalcogen fluxes). Using sub monolayer
SPS, we demonstrate up to 44% Te incorporation in MoSe2-xTex.
2.2.1 Growth conditions
The first series (Series A) contains 3 samples which are MoSe2, MoSe2-xTex by
co-deposition of Se and Te with two different Se:Te ratios (2.0 and 0.5). These
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samples are labelled A1, A2 and A3 respectively in future discussions. All sam-
ples in Series A were grown at 400◦C and the co-deposited alloying was done by
maintaining the total chalcogen flux at a constant value of ∼2.5x10-6 Torr. The
second series (Series B) also contains 3 samples: SPS of MoSe2 and MoTe2 with
3 different time periods of 1:2 (MoSeTe 1:2), 1:1 (MoSeTe 1:1) and 2:1 (MoSeTe
2:1), labelled B1, B2 and B3 respectively. All samples in Series B were grown at
340◦C. The Te flux is ∼6x10-6 Torr and the Se flux is ∼3x10-7 Torr. All the growth
details are listed in tables 2.1 and 2.2.
In our previous publication[18], we have demonstrated the MBE growth of 2H-
MoSe2 at 400◦C. We also observe that MoTe2 crystallises in the 1T phase at
400◦C. A lower temperature of 340◦C is required to grow 2H-MoTe2. It was
hence decided to grow series B samples at 340◦C.
Sample ID Substrate (Temp) Growth duration Growth rateML/min
A1 CaF2 (400◦C) 45 mins 0.3
A2 CaF2 (400◦C) 45 mins 0.26
















+ 60 sec MoTe2
)
x 30 0.13
C1 n+ GaAs (340◦C)
(
30 sec MoSe2
+ 30 sec MoTe2
)
x 60 0.16
Table 2.1: This table lists the substrate temperature and growth times for the
samples discussed in this section.
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Sample ID Post growth anneal Flux ratiosin chalcogen(s) Se:Mo Te:Mo (Se+Te):Mo
A1
3 mins at 500◦C
+ 7 mins at 600◦C 66.3 0 66.3
A2
3 mins at 500◦C
+ 7 mins at 600◦C 62 31.3 93.3
A3
3 mins at 500◦C
+ 7 mins at 600◦C 35.2 76.5 111.7
B3
3 mins at 450◦C
+ 7 mins at 550◦C 21.4 496.4 517.8
B2
3 mins at 450◦C
+ 7 mins at 550◦C 6.3 24.5 30.8
B1
3 mins at 450◦C
+ 7 mins at 550◦C 20.6 455.1 475.7
C1
3 mins at 450◦C
+ 7 mins at 550◦C 79.1 237.4 316.5
Table 2.2: Annealing conditions and calculated fluxes are listed in this table.
2.2.2 X-ray diffraction and reflectivity
ω-2θ scans were used to evaluate the lattice constants of the materials along the
out of plane direction. Figure 2.3 represents the (002) peaks for all the films.
The 2θ positions for A1, A2 and A3 are calculated to be identical (13.52◦). We
calculate the c-axis lattice constants of these 3 films to be 13.08 , which is close to
the reported value of 13.00[20] for MoSe2. XRD is unable to detect any structural
change in the samples in Series A. This suggests that there is no Te incorporation
into the lattice. As a preliminary signature of alloyed Se and Te, we find that the
(002) XRD peaks for the B1, B2 and B3 lie between reported values for MoSe2
and MoTe2. The films peaks are depicted in Figure 2.3 (d). From the spacing
of the fringes in Figure 2.3 (c), it is inferred that Mo(SeTe) 1:1 is thicker than
Mo(SeTe) 1:2 and Mo(SeTe) 2:1. The (111) and (222) peaks from CaF2 are seen
at 2θ = 28.26◦ and 58.47◦ respectively. We also ran simulations for the (002)
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diffraction peak using GlobalFit sofware to understand the observed patterns.
Figure 2.1: (a & b) X-ray reflectivity fringes used to determine the thick-
nesses of the films. (c & d) ω – 2θ scans around (002) peaks.
2.2.3 Raman Spectroscopy
Consistent with the XRD results, the peak positions for A1, A2 and A3 are iden-
tical. We observe the A1g peak at 240 cm-1 for these 3 samples. The E12g peaks
are located at 284.50 cm-1-285 cm-1. In agreement with this, the B12g peaks for
are observed at ∼350 cm-1 (all corresponding to MoSe2). Again, there is no sig-
nature of alloying for the samples in Series A. The FWHM of the A1g peaks for
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Film ID 2θ (002) Calc. c () Thickness () # lay.
MoSe2 A1 13.52 ± 0.55 13.08 92.63 ± 1.15 7
MoSeTe co 5:2 A2 13.52 ± 0.55 13.08 79.92 ± 1.39 6
MoSeTe co 1:2 A3 13.51 ± 0.55 13.09 78.65 ± 1.35 6
MoSeTe 2:1 B3 12.72 ± 0.62 13.90 39.58 ± 1.23 3
MoSeTe 1:1 B2 12.99 ± 0.59 13.61 126.51 ± 0.74 9
MoSeTe 1:2 B1 12.59 ± 0.63 14.04 44.93 ± 1.88 3
MoTe2 14[20], 14.4
Table 2.3: Film thicknesses and c-axis lattice constants calculated from XRR and
(002) peak diffraction data.
A1, A2 and A3 are between 4.38 cm-1 and 6.07 cm-1. Results thus far indicate
that the film crystallises in the 2H phase, which is expected from our previous
work on MoSe2[18]. We observe that the peaks for B1, B2 and B3 are red shifted
from the MoSe2 peak. It is to be noted that the frequencies decrease progres-
sively with increasing Te concentration (as would be the case for an alloyed
material). Peaks for 2H-MoTe2 have been reported at 171-174 cm-1 (A1g) and
233-236 cm-1 (E12g [20, 29, 30]). This corroborates results from XRD as the sig-
nals obtained from the alloyed samples lie in between those from MoSe2 and
MoTe2. The A1g and E12g peak positions follow the same trend as the Te content
in the alloys. Increasing Te% results in higher red shifts for these Raman peaks.
The B12g peak for B3 is also red shifted from the same peak for B1. We however
do not observe this peak for B2. This is mostly because of the film being sev-
eral layers thicker and the B12g signal is predicted to be inactive in bulk TMD
materials[31, ?, 32, 33, 34]. The FWHM of the fit peaks are much larger than
those observed for the samples in Series A. With increasing Te content, both A1g
and E12g peaks are found to broaden. The exact FWHM values for all samples
are listed in SI table II. Chemical composition dependence of A1g Raman mode
and PL emission signals has been observed in Mo1-xWxSe2 grown by CVT[25].
The red shift in the Raman peaks isn’t entirely attributed to Te alloying. The
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difference in thickness of the films in Series B is also expected to determine the
peaks positions.
It is likely that disorder due to alloying is causing the peaks to broaden.
Figure 2.2: (a) Samples A1, A2 and A3 are identified to be MoSe2 from.
All the samples are identified to be MoSe2 from their raman
spectra. (b) A red shift in the peak positions (towards the
MoTe2peak) is observed for samples B1, B2 and B3 indicating
Te incorporation.
2.2.4 X-ray Photoelectron Spectroscopy
XPS allows us to chemically distinguish the samples grown by two different
growth methods. The Mo-3d, Se-3d and Te-3d energy ranges have been investi-
gated and used to quantify the spectra. Survey scans for A1 and B2 are included
in appendix Figure A.4.
In this paragraph, we describe the key features of the samples in Series A. The
Mo 3d3/2 and Mo 3d5/2 peaks for A1, A2 and A3 are located at binding energies
of 231.89 eV and 228.76 eV respectively. The Mo3d5/2 peak for epitaxial MoSe2
has been reported at binding energies of 228-229 eV previously[20, 21, 35]. The
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Se spectra are also identical for these samples. We observe characteristic Se
3d3/2 and Se 3d5/2 peaks at binding energies of 55.22 eV and 54.37 eV respec-
tively. These results also indicate that all samples in series A are MoSe2. Addi-
tionally, the Se-3s peak is observed in the Mo-3d scan range. Both Mo and Se
show oxidation signals at higher binding energies as compared to their TMD
peaks. The relative intensities of the oxide signal to the TMD signal are very
low, ∼3-4% for all samples. However, there is no detectable Te signal from A2.
The presence of Te in A3 is chemically identified by Te 3d3/2 and Te 3d5/2 peaks
at 572.95 eV and 583.34 eV respectively. Elemental ratios calculated from the in-
tegrated intensities are 2.1 (Se:Mo) for A1 & A2 and 1.85(Se):0.06(Te):1(Mo) for
A3. These establish the near stoichiometric nature of the 3 films in Series A . The
exact numbers are listed in table III in the SI. For this calculation, the area of the
Se-3s peak from the Mo-3d signal window has been excluded. XPS studies for
samples in series B indicate significant Tellurium incorporation which confirms
the growth of alloyed MoSe2-xTex growth. The nature of the Mo 3d3/2 and Mo
3d5/2 is identical to the non-alloyed samples in Series A. Strong Te 3d3/2 and
Te 3d5/2 signals are observed for all samples. We interestingly report enhanced
oxidation Mo and Se in the presence of Te (along with oxidation of Te). Sam-
ples without Te in series A were seen to have much weaker oxidation peaks
for Mo and Se. Te likely promotes the oxidation of other elements by drawing
more O to the film. It is to be noted that B1 & B3 were grown on the same day,
whereas B2 was grown 51 days earlier. Although XPS on the 2:1 and 1:2 sam-
ples was done on the same day, under identical conditions, XPS shows greater
oxidation of Mo and Se for B1 as compared to B3. Increased presence of Te is
seen to promote the oxidation of both Mo and Se. The samples were exposed to
atmosphere only during the measurements. At all other times, they were stored
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Figure 2.3: Mo-3d, Se-3d and Te-3d XPS spectra for A1 (top row), A2 (mid-
dle row) and A3 (bottom row) respectively. All samples have
identical Mo and Se spectra. A3 has a weak Te signal, which is
absent in A2.
in a container purged with Nitrogen gas. The stoichiometric values for all the
samples discussed here are shown in table 2.4. The values are calculated after
including the oxide peaks.
2.2.5 Transient Absorption
All data in this subsection were obtained and analyzed at Purdue University by
Long Yuan and Prof. Libai Huang in the Department of Chemistry.
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Figure 2.4: Mo-3d, Se-3d and Te-3d XPS spectra for B1 (top row), B2 (mid-
dle row) and B3 (bottom row) respectively. All elements show
significant oxide peaks indicating enhanced oxidation in the
presence of Te.
Femtosecond transient absorption measurements also provide different spec-
tral signatures for the two sets of samples. Figure 2.5 (a1) shows spectrum of
series A at a pump-probe delay of 100 fs with 400 nm (3.1 eV) excitation and
visible probe (450 - 850 nm). In A1 (black line), we could identify three negative
∆A features which are attributed to the exciton bleach of MoSe2 due to the re-
duction of absorption on excitation. The bleach energies are around 800 nm (A,
1.55 eV), 700 nm (B, 1.77 eV), and 515 nm (C, 2.41 eV), respectively, which are
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Sample Mo Se Te %Te
A1 1 2 0 0
A2 1 2 0 0
A3 1 1.85 0.06 3.14
B3 1 1.43 0.42 22.70
B2 1 1.14 0.65 36.31
B1 1 1 0.79 44.13
Table 2.4: Atomic ratios calculated from the XPS signals. These were calculated
using CasaXPS Version 2.3.17PR1.1 by considering the integrated in-
tensities from only the relevant TMD signal. A1, A2 and A3 stoichio-
metric in nature in contrast to B1, B2 and B3 which are found to be
chalcogen deficient.
consistent with previous reported absorption resonance energies in few layer
exfoliated MoSe2[36, 37]. Exciton energies for bulk TMDs[38, 39] agree with our
measured values. The A and B exciton resonances originate from the transi-
tion between spin-orbit splitting of valence band and degenerated conduction
band[40, 41, 42]. The C exciton resonance is attributed to the transition between
parallel bands near Γ point of the Brillouin zone which is also well known as
the band nesting effect[43]. Spin-orbit energy calculated from as ∆AB from the
A and B exciton energies is equal to 220 meV, close to reported values[44, 45].
As depicted by the red curve in Figure 2.5 (a1), the exciton resonance energies
observed for A2 are very similar to those seen in A1. TA spectrum for A3 (blue
line) depicts three exciton resonance features which originate from MoSe2, but
demonstrate a red shift of both A and B exciton bleach with an energy difference
around 30 meV. The change of bleach energy in A3 sample provides a direct ev-
idence for controlling exciton properties of MoSe2 through few% Te alloying
(XPS signal amounts to ∼3%). We also carried out transient dynamics measure-
ments by probing B exciton resonance for these samples (Figure 2.5 (a2)). For
A1, the exciton dynamics can be fitted with bi-exponential function convoluted
with experimental response function with a fast component of 0.62 ± 0.02 ps
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(89.1%) and 46.7 ± 8.2 ps (10.9%) ps as shown in Table 1. A2 exhibits identical
decay dynamics to A1. However the decay dynamics in A3 is significantly dif-
ferent to MoSe2 and is fit with a single exponential function convoluted with
experimental response function with a decay constant of 0.54 ± 0.01 ps (100%).
Our results demonstrate that the incorporation of Te could also notably alter the
exciton dynamics of MoSe2. The actual excitonic transitions A, B and C have
been described using a band diagram in appendix Figure A.2.
Figure 2.5 (b1) shows transient absorption spectrum for the alloyed films B1
and B2. The 3rd sample discussed here is MoTe2. Growth and other characteri-
sation results for this particular sample can be found in another manuscript[46].
In MoTe2, as shown by the bright green curve, we could identify three exciton
bleaches the visible light probe range (450 nm - 850 nm). The bleach energies
are ∼ 700 nm, 625 nm and 520 nm respectively, which are assigned to excitonic
transitions of A′ (1.77 eV), B′ (1.98 eV), and C (2.38 eV) according to previous
reflection measurements[47]. The A′ and B′ are attributed to the higher energy
levels of the A and B exciton transitions[42, 47]. The C exciton resonance arises
from the band nesting effect which mirrors our observation in MoSe2. Since the
bandgap at the K point is greater for MoSe2 than for MoTe2, the C exciton is ex-
pected to shift to higher wavelengths with Te addition. The dynamics probing
at exciton resonance B′ shows a single exponential decay with a decay constant
of 0.55 ± 0.07 ps. As shown in Figure 2.5 (b1), we observe B′ and C exciton
bleaches in the alloyed sampled B1 and B2, but the A′ exciton bleach is absent.
The transient dynamics for B1 and B2 probed at B′ have recombination con-
stants comparable to MoTe2. Their respective decay constants are 0.57 ± 0.06 ps
(100%) and 0.45 ± 0.03 ps (100%) . The optical properties of B1 and B2 are quite
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Figure 2.5: .(a1) Bleach energies are observed around 800 nm (A, 1.55 eV),
700 nm (B, 1.77 eV), and 515 nm (C, 2.41 eV) for samples A1
and A2. The energies for A3 are red shifted which might be
due to few% Te. (a2) Transient dynamics for exciton resonance
B fitted with exponential function convoluted with experimen-
tal response function. (b1) Bleach energies are around 700 nm
(A′, 1.77 eV), 625 nm (B′, 1.98 eV), and 520 nm (C, 2.38 eV) for
B1, B2 and and MoTe2. (b2) Transient dynamics for exciton res-
onance B′ fitted with single exponential function convoluted
with experimental response function.
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similar to MoTe2. The oxidation of Mo and Se in Te rich samples (as seen in the
previous section) can cause the alloyed samples 1:1 to behave more like MoTe2.
Sample τ1 (ps) τ2 (ps)
A1 0.62 ± 0.02 (89.1%) 46.7 ± 8.2 (10.9%)
A2 0.71 ± 0.02 (86.2%) 44.5 ± 4.9 (13.8%)
A3 0.54 ± 0.01 (100%) N.A.
B2 0.45 ± 0.03 (100%) -
B1 0.57 ± 0.06 (100%) -
MoTe2 0.55 ± 0.07 (100%) -
Table 2.5: Fitting parameters for exciton dynamics probe at B bleach in series
A and B. A1 and A2 can be fit with a bi-exponential function whose
decay time constants are listed as τ1 and τ2. However, A3 is fit using
a single exponential function.
2.3 MoSe2-xTex on GaAs
TEM results were acquired and analysed by Dr. Sergei Rouvimov at the Univer-
sity of Notre Dame. XPS and LEED in this section was done at Cornell Univer-
sity by Edward Lochocki, guided by Prof, Kyle Shen. Our studies on samples
grown on CaF22 confirm the presence of Se and Te in the films. The dependence
of optical properties on Te content is indicated by spectral shifts in diffraction
and spectroscopy measurements. However, oxidation in the ambient is a sig-
nificant deterrent to study the local structure of the alloy. To circumvent this, a
MoSe2-xTex 1:1 sample was grown on GaAs. GaAs was used as disintegration
of CaF2 under e– beam renders it infeasible for electron microscopy. The sample
was capped with Se in situ. For all measurements described in this section, the
Se was decapped in UHV to minimise oxidation
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2.3.1 TEM, LEED and XPS
Cross sectional TEM was done to study the local structure of the alloyed sam-
ple. From 2.6 (a), it is seen that the MoSe2-xTex is epitaxially grown on the
n+GaAs substrate. At this resolution, we do not observe any intensity changes
in the film region which suggests that the film is not phase segregated. The
MoSe2-xTex film is ∼7 layers thick. Also, LEED spots reflect a 6-fold symmet-
ric structure with a lattice constant of 3.32 in the plane. This is greater than the
value of 3.25 that we reported for MoSe2 grown on CaF2. This could potentially
be due to Te incorporation but the lattice parameter of MoSe2 has been reported
to change based on the growth method, substrate and charaterisation technique
(compared in SI table III). Energy dispersive X-ray spectroscopy also shows that
the film contains Mo, Se and Te atoms. XPS spectra obtained from these samples
Figure 2.6: a) HAADF STEM showing epitaxial growth of MoSe2-xTex. (b)
LEED showing hexagonal symmetry of MoSe2-xTex.
also indicate that MoSe2-xTex might be locally alloyed. As depicted in Figure
2.7 (a), the Mo-3d peak from MoSe2-xTex is found to have binding energies be-
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tween the corresponding values for 2H-MoSe2 and 2H-MoTe2. It was difficult
to draw such an observation from the samples on CaF2 since oxide peaks can
case additional shifts in the binding energy. The composition is calculated to be
MoSe1.63Te0.27 which is close to the expected dichalcogenide value but Se rich.
Doublet spectral components for this sample are not shown here for clarity. This
is included in appendix Figure A.5. Oxide components were not observed for
any of the elements.
While LEED can confirm the hexagonal surface, the polytype is not known as
both 2H and 1T have hexagonal in-plane structures. Extended x-ray absorp-
tion fine structure (EXAFS) is ideally suited to probe the crystal structure of the
material. Bond length calculations derived from EXAFS on this samples also
support our earlier observations. The polytype is estalished to be 2H and bond
elongations (from MoSe2) is suggestive of Te incorporation. These results are
discussed in the next subsection.
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µ0(E) (1) is the normalised absorption. q is the wave vector at en-
ergy E, µx is the absorption coefficient for the atom in a crystal and µ0 is the
absorption coefficient for the same atom in vacuum. The central absorption
atom is surrounded by Nj atoms of kind j at a distance Rj. The back scattering
equation from this atom is t (q) and δ (q) is the phase shift. Atomic vibrations are
accounted by the Debye-Waller like factor exponential in σ and Λ is the mean
free path. While analysing the absorption spectra usign Artemis software, Rj
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Figure 2.7: a) Mo-3d peaks from MoSe2-xTex have binding enregy between
the values for 2H-MoSe2 and 2H-Mote2. (b) Te-3d peaks.
and σ are fitting parameters while Nj is set by the crystal structure. All absorp-
tion data were collected at the Se-K edge and calibrated using a Se foil.
The k, k2 and k3 weighted EXAFS oscillations are presented in Figure 2.8.
The corresponding Fourier transforms were calculated for k– range of 3.00 –
11.98 Å–1 and a hanning window from 1.5 – 8.0 Å was used. Two peaks around
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Figure 2.8: EXAFS data (red line) and fit (empty black circle) for
MoSe2-xTex obtained at the Se K-edge. Plots are generated at
different k-weights of (a) k=3, (b) k=2 and (c) k=1. The phase
shifted peaks correspond to different bond lengths.
20
2.25 Å and 3.00 Å. These are attributed to Se-Mo and Se-Se bonds. They ap-
pear at radial distances shorted than actual bond lengths due to phase shifts
accounted by δj (q) in the EXAFS equation. The real space Fourier transforms of
the oscillations were fit in Artemis 0.9.20 of the IFFEFIT package. During the fit,
energy was kept constant. The fitting parameters were S20 (same for all scatter-
ing paths), number of scatterers Nj and Debye-Waller factors σ2j . The maximum





where [x] is the greatest integer
values less than x. All scattering paths considered to get the best fit are describes
in the appendix A. The absorbing Se atom has 3 Mo neighbours in the first co-
ordination shell as it is trigonally bonded. There are 6 Se atoms at a distance of
1 lattice spacing.




Mo 3 0.004 2.51-2.53
Se 6 0.009 3.32-3.35
Table 2.6: Fit parameters for the Mo and Se nearest neighbour shells.
A Se-Se bond length of ∼ 3.35 Å is seen to be the best fit to the measured os-
cillations. This bond length is actually the lattice parameter of the 2H-phase
MoSe2-xTex alloy. MoSe2 is reported to have an in-plane lattice constant of 3.25-
3.33 measured by different techniques. This increase in lattice parameter is
indicative of a chalcogen alloyed sample. The Se-Mo bond is measured by fit-
ting the first peak in the EXAFS oscillations. The obtained value of ∼ 2.55 Å is
slightly larger than the Se-Mo bond length in unalloyed MoSe2 (∼ 2.5 Å). The
lattice constant of ∼ 3.32 Å obtained from LEED is in reasonable agreement with
EXAFS results.
All the results obtained for this sample on GaAs confirm two key observations:
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(i) The TMD film is chalcogen alloyed with a composition of MoSe1.63Te0.27 and
(ii) It is grown in the 2H polytype.
2.4 Conclusion
We have been able to demonstrate the MBE growth of alloyed MoSe2-xTex films.
It is shown that co-deposition of Se and Te at 400◦C results in preferential Se
incorporation and Te exclusion. However, pulsing the injection of Se and Te into
the growth chamber at a lower temperature of 340◦C results in growths with
significant Te compositions. This is directly indicated by the shifted features in
XRD, Raman, transient absorption and XPS spectra. The presence of Te is seen
to promote the oxidation of Mo and Se. The impact of alloying on electronic
properties are potentially interesting studies.
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CHAPTER 3
Grazing incidence X-ray diffraction to study epitaxy of 2D materials
3.1 Literature
Another important area of materials research has been the integration of
graphene and TMDs. Charge transport in layered films perpendicular to the
layer is crucially dependent on the rotational alignment of these materials. Het-
eroepitaxy of 2D materials can also introduce strain in them, which can impact
bandgaps and band alignments. While several researchers have identified strain
by studying its effect on the absorption and emission spectra, direct mapping
of strain in real or reciprocal space has not been much investigated. Atomic
Force Microscopy (AFM) and Scanning Tunnelling Microscopy (STM) provide
a direct means of imaging the grains and lattices in real space. The capability
of this technique in studying alignments, Moire patterns and strain renders it
as a very powerful tool. An indirect way of mapping strains is Raman spec-
troscopy. There is comprehensive literature on the connection between strain in
graphene and shifts in the 2D and G phonon modes. Uniaxial and biaxial strain
measurements on different flexible substrates (polyethylene terephthalate-PET,
polymethyl methacrylate-PMMA) have shown the graphene G and 2D peaks
to redshift with increasing tensile strain[48]. Density functional theory calcu-
lations on free-standing graphene agree with experimental results for strains
<1%. The raman shift under uniaxial strain is largely attributed to strain and
possibly to relative shift in the Dirac cone positions (since the D mode is an
intervalley scattering process). Biaxial strains can be used to more accurately
evaluate the D mode peak shift since the relative positions of the Dirac cones are
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unchanged. Additionally, graphene embedded in PMMA cantilevers showed a
polynomial variation of the 2D peak position with strain[1]. The 2D peak was
reported to blueshift under compression. The highest frequency was measured
at 0.6% compression beyond which it decreased polynomially. Redshifted G
and 2D peaks in mono and tri-layer graphene under tensile strains ≤0.78% have
been understood by considering bond length changes[49]. Weakening of the C-
C bond due to elongation lowers the vibrational energies.
Figure 3.1: Polynomial curves of degree 2 were used to fit the frequency
against both tensile and compressive strain[1].
Recently, CVD grown and exfoliated monolayer MoS2 was biaxially strained by
5%, and the bandgap was found to reduce by ∼ 500 meV[50]. The A1g and E12g
Raman modes were observed to red shift for biaxial tensile strains up to 2.5%.
Castellanos-Gomez et al. have studied the effect of up to 2.5% tensile strain on
the phonon frequencies and bandgap of few layer MoS2[51]. The in-plane E12g
mode was recorded to have a larger redshift than the out of plane A1g mode.
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The modification of the electronic band structure was observed in the photolu-
minescence spectra. The A and B exciton energies were redshifted on wrinkled
MoS2 as compared to the flat regions.
In this work, we present the use of synchrotron x-ray diffraction to compara-
tively study the MBE and CVD growth of chalcogenide films on SiC substrate.
Grazing incidence X-ray diffraction (GI-XRD) is used to investigate key proper-
ties such as rotational alignment, strain and grain size in few nanometre thick
films. Also, the surface sensitivity of this technique is used to study the effect of
air exposure on GaSe.
3.2 Setup
The geometry of GI-XRD is described in this paragraph. The in-plane angle is ν
and the out-of-plane angle is δ. Planar scans to check the symmetry of the sam-
ples are represented as φ scans (obtained at certain Bragg angles). Diffraction
scans measured along ν – φ (analogous to θ – 2θ) are plotted in reciprocal space.
The incident angle η was set at 0.155◦. The incident energy was set at 11.3 keV
(1.097 Å–1).
3.3 Chalcogenide films on epitaxial graphene on 6H-SiC(0001)
In this section, we discuss diffraction data from 5 samples. 2 films were grown
by CVD (MoS2 and WSe2) and 3 films were grown by MBE (MoSe2, SnSe2 and
Se capped SnSe2 which is denoted as cap-SnSe2).
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Figure 3.2: GI-XRD schematic and inter planar spacing d(hkl) for the
hexagonal Bravais lattice with in plane lattice constant ’a’ and
out of plane lattice constant ’c’.
3.3.1 Registry of the films to the substrate
It is well known that epitaxial graphene and SiC have a 30◦ in plane
misalignment[52, 2]. Since the chalcogenides, graphene and SiC all have hexag-
onal symmetry, the films are likely to be rotationally aligned to either graphene
or SiC. ν-φ scans taken at 2 different φ angles rotated by 30◦ enable us to map
the registry of the chalcogenide films. These results are depicted in Figure 3.3.
MBE films: From Figure 3.3-II (c) & (d), it can be seen that cap-SnSe2 is rotation-
ally commensurate with SiC. The graphene diffraction peak at ∼3 Å–1 appears
when φ is rotated by 30◦. The cap-SnSe2 sample is seen to have many diffrac-
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Figure 3.3: Images on the left and right side inside each box (I-IV) were
obtained after rotating φ by 30◦.
tion rings in the image which arise from the polycrystalline Se cap (Figure 3.3-I).
MoSe2 however is aligned to graphene, as seen in Figure 3.3-III. Preferential ori-
entation of MBE grown MoSe2 on graphene has been demonstrated from Low
Energy Electron Diffraction[18, 3].
CVD films: The commensurate alignment of MoS2 is identical to MBE MoSe2.
This is shown in Figure 3.3-IV. The alignment of CVD MoS2 and graphene has
been observed previously[2]. We report similar behavior for CVD WSe2 on
graphene, shown in appendix Figure B.1 . Rotational alignment of CVD WSe2
is similar to that reported for MBE WSe2 on graphene[4]. These details are sum-
marised and tabulated in table 3.1.
It can also be observed from Figure 3.3 that the CVD graphene and SiC peaks ap-
pear at angular positions (φ) separated by 30◦. This is in agreement with a pre-
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Table 3.1: MoS2, MoSe2 and WSe2 are rotationally commensurate with
graphene. SnSe2 is 30◦ misaligned.
vious study[52] which showed the 30◦ rotation of graphene(112¯0) & (21¯1¯0) with
respect to SiC(112¯0) & (21¯1¯0). This can however be contrasted with rotational
alignment in graphene growth reported using gas-source MBE[53]. RHEED im-
ages obtained during gas-source MBE[53] growth of graphene (using cracked
ethanol) do not show any lateral alignment. Instead, ring patterns were ob-
served and attributed to graphene. Another article reported the appearance of
diffraction peaks from these 2 materials at the same φ positions, confirming lat-
eral alignment[5].
The nature of the SnSe2 reflections in Figure 3.3-III and IV needs some discus-
sion. It is noted that a strong peak at q⊥ = 0 is not seen for SnSe2 in Figure
3.3-III. As we move along the q⊥ axis, the intensity of the SnSe2 (q⊥ ∼1.9 Å–1)
increases. This peak is due to diffraction from higher order planes where the
Miller index l , 0. SnSe2 has been widely known to crystallise in the CdI2 struc-
ture, having the 1T polytype[54]. Recent articles have shown the growth of 1T
phase SnSe2 by MBE[55] and direct transport method[56]. Our observations in-
dicate that the SnSe2 is of 1T-polytype where the (101¯0) reflection is weaker. The
intensity profiles of the films along the q⊥ axis are discussed in subsection E.
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3.3.2 Lattice constants of the chalcogenide films
The (101¯0) reflections from the chalcogenide films are discussed in this section.
All the diffraction peaks are plotted in figure 3.4 and the calculated and reported
lattice constants along the a1 (& a2) crystal axes are listed in Table 3.2.
Figure 3.4: (a) (101¯0) chalcogenide peaks and (b) calculated in-plane lattice
constants. The solid squares and empty circles represent our









# 1 # 2 a1 a2
MBE SnSe2 1.906 3.805 ∼80MoSe2 2.186 3.318 ∼30
CVD WSe2 2.208 3.285 ∼80MoS2 2.264 2.285 3.203 3.175 ∼50
Table 3.2: Lattice constants along the basal plane have been calculated by fiting
the peaks in figure 3.4. The error in the calculated lattice constants
is estimated to be 0.004 Å (considering energy resolution of the beam
and fitting errors).
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MBE films: We observe single peaks for SnSe2 and MoSe2. The in-plane lattice
constants calculated from these (101¯1) and (101¯0) peaks bear excellent agree-
ment with reported values[20, 57, 55, 58].
CVD films: WSe2 is grown by MOCVD using gaseous precursors and exhibits
a single sharp peak at the expected wave vector. The observed signal for MoS2
can be deconvoluted into two peaks. The peak at q‖ = 2.285 -1 corresponds
to a lattice constant of 3.17 , which is the known unstrained lattice parameter.
The second peak at lower q‖ (or higher lattice) is originates from tensile strained
MoS2. This can be possible if certain substrate regions have multilayer cover-
age leading to strain relaxation and other regions have ML coverage (which is
strained by the underlying graphene). Temperature gradients along the tube
furnace (during MoS2 growth) can plausibly result in non-uniform coverages.
Graphite is known to have a negative thermal expansion coefficient in the basal
direction (αa) at temperatures below 650 K[59, 60, 61, 62]. MoS2 has a positive
thermal expansion coefficient at all temperatures[63]. The lateral expansion of
graphene during cooling from growth temperature to room temperature could
induce strain in the lower MoS2 layer. .
The crystallite sizes were calculated from the full width half maxima (FWHM)
of the (101¯0) reflections. Since the Miller indices k & l = 0 for (101¯0) planes, it
can be treated as a 1D chain of atoms. By expressing the Scherrer equation in







where θo is obtained from the definition of FWHM for a 1D set of planes and ∆q
is the FWHM in Å–1. It is however important to note that this only gives a lower
bound to the crystallite size as the peak broadening can also be a result of other
effects besides confinement.
3.3.3 Effect of growth conditions on bilayer graphene
Here we compare and discuss the nature of the graphene spetra for samples
grown by MBE and CVD. In our previous work[18], we had observed a blue
shift in the 2D Raman peak of graphene after MBE growth of sub ML MoSe2
(on SiC(0001) substrate). By studying the lateral strain in graphene, we aim to
understand that result. All graphene films are at least 2 layers thick (on top of
the buffer layer).
Figure 3.5: (a) Bilayer graphene peak positions. Doublet peaks observed
in MoSe2, SnSe2 and cap-SnSe2 while a single peak at an in-
termediate value is seen in MoS2 and WSe2. (b) Lattice con-
stants calculated from peak positions are represented using
filled squares. Filled triangles are references from a previous
paper[5].
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Growth Film ID Graphene (101¯0) Å
–1 Lattice constant
Peak 1 Peak 2 a1 a2
MBE
cap-SnSe2 2.941 2.963 2.466 2.448
SnSe2 2.945 2.964 2.463 2.447
MoSe2 2.947 2.966 2.461 2.445
CVD WSe2 2.952 2.457MoS2 2.951 2.458
Graphene 2.949 2.459
Bulk Graphite - 2.461
Table 3.3: The peak positions and in-plane lattice constants obtained from fitting
the spectra in Figure 3.5 are listed here. The error in the calculated
lattice constants is estimated to be 0.003 Å.
As depicted in Figure 3.5 (a), the graphene film on SiC without any chalcogenide
growth (grey line) has a single peak corresponding to its relaxed lattice constant.
MBE films: The cap-SnSe2, SnSe2 and MoSe2 films have 2 peaks at the graphene
wave vector transfer. This indicates that the initially unstrained graphene is
structurally separated into 2 layers. In all the MBE grown films, one set of peaks
is observed very close to the bare graphene peak. The other set of peaks is seen
at a higher parallel wave vector transfer (q‖). This suggests that some graphene
layers are relaxed and some are compressively strained up to 0.65-0.7%. Blue
shift of the 2D raman peak from these graphene samples is also indicative of
compressive strain. Since the substrate is cooled uniformly, any strain induced
in graphene is expected to be isotropic. Thus, the compression is more likely
to be biaxial than uniaxial. This is important since uniaxial strains change the
relative positions of Dirac cones in reciprocal space and might additionally im-
pact the phonon frequencies. Biaxial strains preserve the relative positions of
symmetry points and result in more accurate evaluations of peak shifts[48]. We
note here that the Raman spectrum reported in our previous paper and lattice
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constants reported here were measured for different samples which were grown
under identical conditions.
CVD films: On the other hand, CVD grown MoS2 and WSe2 possess at the
same angle as the bare graphene peak (blue, black and grey plots in Figure 3.5).
Difference in cooling rates post growth can possible induce strain in the earlier
samples.
3.3.4 Twinning and mosaicity of the chalcogenide grains
Figure 3.6: Planar φ scans show the rotational symmetry and relative
mosaicity of all the films. (a) All chalcogenide films. (b)
All graphene films. The diffraction signals from the chalco-
genide/graphene films were isolated by setting the detector at
the corresponding Bragg angle.
Angular φ scans over 140◦ were done at the (101¯0) reflection to study the in-
plane symmetry of all the films (Figure 3.6). As expected, we observed peaks
separate by 60◦ which conforms the 6-fold symmetry of the films. The FWHM
of these peaks can be used to infer the relative in-plane mosaicity of the films.
33
From Figure 3.6 (a), we observe that the MBE grown films (SnSe2 and MoSe2)
have broader peaks the CVD grown films ( MoS2 and WSe2). The FWHM (∼4-
9◦) of MBE films is larger than the FWHM of CVD films (∼1.2-2.4◦). MoSe2 and
SnSe2 have larger planar mosaicity than MoS2 and WSe2. Although the SnSe2
peaks are broader, we do not observe a second set of peaks that might arise due
to twinned grains. However, a small amount of twinning is observed in MoS2
and WSe2. A second set of 6-fold symmetric peaks appear 30◦ offset from the
primary peaks. Graphene films grown on all substrates have identical peaks
(Figure 3.6 (b)). The angular spread is measured to be much smaller with a
FWHM of ∼0.14-0.29◦. The integration window was up to δ = 0.75◦ for these
line scans.
3.3.5 Bragg rod profile
Figure 3.7 shows the integrated line profile of the Bragg rods. Bragg rod pro-
files from different polytypes of 7ML NbSe2 have been compared in previous
reports[64, 65]. MoSe2 and WSe2 do not show prominent higher order peaks
indicating that the films are 1-2 ML. It is instructive to compare the profile of
our MoS2 film since there is a (101¯3) peak at q⊥ ∼ 1.5 Å. This can arise if there
is significant surface coverage of few layer MoS2. Such non-uniformity can ex-
plain the observation of 2 (101¯0) peaks as discussed earlier. It is possible that the
regions with 1ML MoS2 are strained. Few ML growth can release this strain.
The intensity profile of SnSe2 shows the (101¯1) peak, which is from the 1T phase.
Microscope images from these samples are shown in the next section.
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Figure 3.7: ∼1ML MoSe2 and WSe2 have a flat bragg rod profile with no
higher peaks. Few layer MoS2 has a peak from the (101¯3)
planes. The SnSe2 peak is from (101¯1).
3.3.6 Microscopy images
The grain sizes obtained in the main text bear reasonable agreement with mi-
croscope images. Sharp (101¯1) peak seen in the Bragg rod profile arises from
few layer SnSe2. MoSe2 does not show any higher order diffraction intensity
after the strong (101¯0) at q⊥ ∼ 0 as the film coverage is sub monolayer. There are
no higher order Miller planes (index l , 0). WSe2 profile shows low intensity
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Figure 3.8: (a) AFM of SnSe2 and SEM of (b) MoSe2 and (c) WSe2.
higher order peaks (q⊥ ∼ 0.5 and 1.5 Å–1) as the coverage is 1-2 ML.
3.4 Air sensitivity of GaSe on GaAs
We present the versatility and potential of this technique by investigating the
effect of air exposure on MBE GaSe. Two sets of identical measurements were
made on this sample with a gap of 8 hrs. We compare the diffraction intensities
from the (101¯0) peak in figure 3.9. Intensities are observed to reduce for both
the ν and φ scans. The scans are indexed as ’1st scan’ and ’after air exposure’
respectively. The two sets of measurements have the same baseline intensity
which allow comparison of the peak properties. From (a), the integrated inten-
sity is calculated to drop by ∼45% after air exposure. φ scans in (b) show signif-
icant presence of twinned grains. From the Bragg rod profile in (c), the film is
identified to be γ –GaSe with calculated lattice constants of 3.756 (in-plane) and
23.882 (out of plane) listed in (d). These values agree well with literature [?].
The measured Raman spectra is also consistent with the γ phase. The reduction
in GaSe (101¯0) diffraction intensity was attributed to degradation of GaSe as the
GaAs (112) substrate intensity profile was unchanged after air exposure (Figure
3.11).
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Figure 3.9: (a) GaSe(101¯0) peak from GaSe/GaAs. (b) φ scan shows ex-
tremely broad peaks (φ = -60◦, 0◦ and 60◦) as compared to the
films grown on graphene. A weaker set of peaks appear in be-
tween the first set of peaks. The time interval between the two
scans was 8 hrs.
3.5 Conclusion
We have shown the use of high brilliance X-ray sources to study van der Waals
epitaxy in TMD materials. MoS2, WSe2 and MoSe2 are shown to be rotationally
aligned to graphene whereas SnSe2 has a 30◦misalignment. Graphene is shown
to be compressively strained after MBE grown of TMD (above graphene) while
CVD growths do not strain graphene. This is attributed to faster cooling rates
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after MBE growth. CVD grown TMDs have larger grain sizes and lower mo-
saicity than MBE grown TMDs. Finally, air sensitivity in GaSe has been studied
through diffraction measurements.
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Figure 3.11: (a)- and (b)- 2D diffraction maps taken 8 hours apart show re-
duced intensity from the GaSe peak. (c) Line intensity profiles





Se vapour is known to contain several oligomers[66]. The effective mass of the
incident Se atoms is calculated by averaging with respect to the partial pressure
of all oligomers in the vapour. This is described in equation A.1. Te atoms exist
as dimers.


























10–3 + 2x10–2 + 4x10–2 + 1.5x10–1 + 3x10–1 + 5x10–1
(A.1)
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The flux of the impinging Se/Te atoms is related to the temperature (T), pressure
(P) and mass (M) as
φ = 3.513 x 1022
P√
MT
moles/cm2 – s (A.2)
A.2 Absorption spectrum and transitions
MoSe2 and MoTe2 have direct bandgaps at K, in the monolayer limit. Although
few layer TMDs are known to have indirect bandgaps, their absorption spec-
trum is dominated by direct transitions occuring at K[51, 50]. The valence band
is split due to spin-orbit coupling whereas. The neutral A and B excitonic tran-
sitions occur between the split valence bands and conduction band at K. The
transition C happens close to Γ.
Figure A.2: Bulk MoSe2 band diagram to depict the A, B and C excitonic
transitions. Transitions A and B occur at the K point. Transi-
tion C is near the Γ point.
Measurements done on exfoliated few layer MoSe2 and MoTe2 have been com-
pared with the films in series A and B in figure A.3.
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Figure A.3: TA spectra from bulk MoSe2 and bulk MoTe2.
A.3 XPS
All doublet energy separation values for data discussed in 2 were taken from the
NIST XPS database. The C 1s peak at a B.E. of 284.5 eV was used as reference.
In figure A.4, the survey scans for one sample in series A and B are shown. All
major peaks are assigned to elemental core energies and Auger transition ener-
gies.
Figure A.5 shows the doublet components for Mo-3d, Se-3d and Te-3d peaks
from MoSe2-xTex. There are no oxidation peaks observed since the measure-
ment was done in situ after decapping the Se cap. The solid grey line is the total
fit peaks (using CasaXPS) and the experimental measurement is shown in black
42
Figure A.4: (a) XPS survey scan for sample A1 (MoSe2). (c) XPS survey
scan for sample B2 (MoSe2-xTex 1:1).
circles.
Figure A.5: (a) Mo-3d, (b) Se 3d and (c) Te-3d doublet peaks for the sam-
ples grown on GaAs have no oxide signals as the samples was
decapped and measured in situ.
A.4 EXAFS
X-ray absorption data were obtained in the F3 beamline of the Cornell High
Energy Synchrotron Source (CHESS).
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A.4.1 Data acquisition
All spectra were obtained at the Se K-edge in the fluorescence mode. Transmis-
sion mode EXAFS data from a Se foil was used as reference. The pre-edge, edge
and post-edge energy ranges and spacing are listed in table A.1. A total of 3
scans were taken.
Region Lower limit Upper limit spacing time
Pre-edge -0.2 keV -0.02 keV 0.005 keV 10 sec
Edge -0.02 keV 0.05 keV 0.001 keV 10 sec
Post-edge 0.05 keV 0.747 keV (14 Å–1) 0.05 Å–1 10 sec
Table A.1: Energy regions and spacings to acquire X-ray absorption data.
A.4.2 Data processing and analysis
Athena 0.9.26 was used for standard pre-processing procedures. The scans were
calibrated to the Se K-edge, aligned and merged prior to background subtrac-
tion. Subtraction of the pre-edge and normalisation of the data was done by
defining linear and quadratic functions for the pre- and post-edge regions re-
spectively. The images in figure A.6 were generated by using a hanning win-
dow from 1.0 – 8.0 Å. As a result, there is relative more mismatch between the
data and the fit at lower radial distances.
k3– weighted plots obtained using different ’rbkg’ parameters are compared in
figure A.7. A clear difference is noticed at smaller R. There is better agreement
between experimental and theoretical data when a larger ’rbkg’ parameter is
used. This is because ’rbkg’ is the value below which all Fourier components
are removed.
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Figure A.6: EXAFS data (red line) and fit (empty black circle) for
MoSe2-xTex obtained at the Se K-edge. Plots are generated at
different k-weights of (a) k=3, (b) k=2 and (c) k=1. The phase
shifted peaks correspond to different bond lengths.
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Figure A.7: EXAFS data (red line) and fit (empty black circle) for
MoSe2-xTex obtained at the Se K-edge. Plots are generated at
different k-weights of (a) k=3, (b) k=2 and (c) k=1. The phase




B.1 WSe2 peak and alignment
Diffraction peaks from MoS2, MoSe2, SnSe2 and cap-SnSe2 obtained at differ-
ent δ values were discussed in the main text. Figure B.1 shows the peaks from
the WSe2 sample. The alignment observed is similar to that seen in MoS2 and
MoSe2.
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